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Complete Raman excitation profiles for single-walled carbon nanotube radial breathing modes were obtained
for bundled HiPco carbon nanotube samples in the region from 700 to 985 nm excitation. Results are compared
to similar profiles generated from individual carbon nanotubes dispersed in aqueous solution, allowing a direct
determination of intertube interaction effects on electronic properties for 12 specific semiconducting nanotube
chiralities. Redshifts in the excitation profiles(ranging from 54 to 157 meV) are observed on going from
isolated individual to bundled nanotubes. Additionally, bundling is found to broaden the electronic transitions
by an average factor of 2.4 compared to individualized nanotube bandwidths. These results compare well with
recent theoretical predictions for bundling effects. An investigation of bundling effects on radial breathing
mode frequencies for 17 different nanotube chiralities finds no evidence for significant perturbation of these
frequencies resulting from intertube interactions. Our results demonstrate that previously reported radial
breathing mode frequency shifts are apparent shifts only, resulting from redshifting of the resonant electronic
transitions for bundled nanotubes. Bundle inhomogeneity, packing efficiency, orientational disorder, and sym-
metry reduction are indicated as important factors in determining the degree of intertube interaction.
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I. INTRODUCTION

Carbon nanotubes have significant potential for wide
ranging materials applications based on their physical and
electronic properties.1 A thorough understanding of their
electronic properties is critical to the development of their
applications in nanophotonic,2 sensor,3 and molecular elec-
tronic devices.4–6Accurate estimates for electronic transition
energies are required to correlate experimental characteriza-
tion methods with identification of the nanotubesn,md elec-
tronic type in a sample. Determination ofsn,md types
present in a sample is an important part of evaluating nano-
tube production, processing, and purification methods, as
well as for determining and understanding individual nano-
tube characteristics for device applications.

Raman spectroscopy has proven to be a powerful method
for both gaining an understanding of the fundamental elec-
tronic structure of carbon nanotubes and for probing and as-
signing the compositions of samples. Through the resonance
Raman effect,7 Raman spectroscopy has been shown to be a
sensitive probe of nanotube electronic structure. Strong reso-
nance enhancement can be obtained from nanotubes through
tuning of the excitation source wavelength to overlap the van
Hove singularities present in the one-dimensional(1D) den-
sity of states8 of different nanotube types. The electronic
resonances are dependent on nanotube diameter and
chirality,8 resulting in only a subset of the total nanotube
population being enhanced/detected for any given excitation
wavelength.9 Adding to the utility of Raman for nanotube
characterization is the occurrence of the so-called radial
breathing mode (RBM) in the low-frequency region
s100–400 cm−1d. The RBM frequencies have an inverse de-
pendence on nanotube diameter,10 following the relationship
shown in Eq.(1):

vRBM = C1/dt + C2, s1d

whereC1 is 223.5 nm cm−1 and C2 is 12.5 cm−1 for HiPco
produced11 samples.12 Thus, in addition to their sensitivity to
nanotube electronic structure, Raman spectra may also be
used to directly characterize the diameters present in a nano-
tube sample. Coupling of resonance Raman excitation data to
RBM frequencies can lead to a nearly unambiguous assign-
ment of sn,md nanotube type to a given RBM feature.

A large number of studies have been performed that capi-
talize on these capabilities to probe electronic transitions and
their coupling to different nanotube phonon modes.9,13–23A
focus on RBM behavior has been used extensively for char-
acterization of diameter distributions for monitoring produc-
tion methods.22–25 Raman has also been used extensively to
monitor nanotube processing26,27 and various separation
methods.28–31A number of studies also have yielded results
for assigning RBM features to specificsn,md designa-
tions.18,20,21,32–34

These limited examples demonstrate the importance of
Raman characterization of nanotubes, yet many fundamental
Raman studies are complicated by the fact that the samples
under study have consisted of bundled, rather than isolated
nanotubes. The strong intertube van der Waals interactions
that promote bundling35,36 will also result in significant per-
turbation of the nanotube electronic structure. Bundling has
the effect of both shifting and broadening the electronic tran-
sition energies.37 The resultant increased overlap of the tran-
sitions results in a blurring or even wiping out of the indi-
vidual van Hove features present in the nanotube electronic
absorption spectrum of an ensemble sample. These transition
energies can still be probed using resonance Raman enhance-
ment profiles, but definitive assignment of the Raman spec-
tral features to individualsn,md indices becomes difficult, as
the experimental features will likely be significantly per-
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turbed from expected values based on theoretical predictions
for isolated individual nanotubes. The drawbacks of intertube
interaction and ensemble broadening of spectra have been
overcome in some instances, for which Raman techniques on
isolated individual tubes or small bundles have been
developed.17–21,32Thorough enhancement profile studies us-
ing these methods, however, have been limited. A more com-
plete understanding of intertube interaction effects on elec-
tronic structure and Raman spectra remains necessary.

A number of theoretical studies have been performed to
address the effects of intertube interactions in bundles on the
fundamental nanotube electronic structure.38–41Qualitatively,
these studies agree that a shift in electronic transition ener-
gies is predicted, but accuracy in the predictions have suf-
fered through use of a limited tight-binding theory for de-
scription of the nanotube 1D density of states. Recent results
show that curvature and trigonal warping effects can be sig-
nificant in determining nanotube electronic structure.42–44

The importance of these effects have also been demonstrated
in recent Raman studies as well.32,45 Curvature effects were
recently incorporated in anab initio study of nanotube elec-
tronic structure that also included a study of intertube bun-
dling effects.42 The intertube interactions were found to de-
crease the band gap in bundled semiconducting nanotubes
compared to their isolated counterparts. Furthermore, these
interactions lead to a perpendicular dispersion to the familiar
1D density of states that leads to a predicted broadening of
transitions occurring in bundled nanotubes. Only a limited
set of experimental scanning tunneling microscope(STM)46

and Raman measurements for one tube type,47 however, were
available for comparison.

Additional studies have extended the electronic perturba-
tion work to examine the effects of bundling on the radial
breathing mode vibrations as well.48–53These theoretical ef-
forts have been motivated by experimental results that sug-
gest the RBM increases in frequency upon bundling.22,23,52–54

Pressure dependence studies have resulted in the conclusion
that enhanced intertube interactions will result in increasing
RBM frequency with pressure.53 Further studies concluded,
based on comparisons of Raman data to predicted transitions
for a given nanotube-type coupled to expected RBM fre-
quencies, that bundling results in a significants,8%d up-
shift in observed frequency from what is expected for an
isolated nanotube.22,23,52,53,55Unfortunately, these results rely
heavily on the accuracy of theoretical predictions of transi-
tion energies that may be limited by use of tight-binding
calculations that do not account for curvature effects. A di-
rect comparison between bundled and isolated tube samples
would more definitively address the question of whether or
not RBM frequency changes are induced by intertube inter-
actions.

One study addresses this question for a limited number of
metallic nanotube types. Raoet al.56 obtained Raman spectra
for CS2 suspended arc-produced nanotubes, with excitation
at three different laser wavelengths. Results for individual
solubilized nanotubes were compared to results for bundled
solid samples. In contrast to previous work, these authors
observed an apparent downshift in RBM frequency on going
from isolated to bundled nanotubes. Rather than invoke a
direct effect of bundling on RBM frequencies, Raoet al.

explain their results in terms of the intertube interaction
causing an upshift in transition energy for bundled tubes.
This upshift in energy will bring a different set of nanotube
types into resonance with the excitation frequency, resulting
in an apparent change in RBM frequency due to a change in
nanotube types that are now detected in the Raman spectrum.

Resolution of these conflicting analyses will require more
extensive direct comparisons of Raman data between indi-
vidualized and bundled nanotube samples. Moreover, it will
be important to extend these studies to encompass semicon-
ducting tubes to add to the experimental work done on me-
tallic species.56 More detailed enhancement profile compari-
sons will also provide important data for comparison and
development of theoretical efforts at describing intertube in-
teractions, and to solidify Raman-based chirality assign-
ments, which have previously relied strongly on assumed
knowledge of transition energies. The opportunity to carry
out these studies has recently presented itself, with the ad-
vent of methods37 for bulk suspension of isolated individual
HiPco-produced nanotubes.11 The study of HiPco tubes will
also provide the opportunity to expand the Raman data base
to nanotubes of somewhat smaller diameter than the arc- and
laser oven-produced tubes that have formed the bulk of pre-
vious studies.

We present here results of complete near-infrared reso-
nance Raman studies of HiPco produced nanotubes. Our ex-
periments have allowed us to directly compare Raman en-
hancement profiles obtained in the region between 700 and
985 nm excitation for both bundled and solution-phase indi-
vidualized nanotube samples. Our data provide a direct test
of the theoretical results provided by Reich and
co-workers,42 as well as directly addresses the issue of inter-
tube interaction effects on RBM frequencies. We are able to
compare results for 12 different semiconducting nanotube
chiralities. We find that, as predicted by Reichet al.,42 the
van Hove transition energies for semiconducting nanotubes
are both shifted to lower energy and broadened in samples of
bundled nanotubes. Moreover, we find significant agreement
in the overall magnitude of the effect as well. Additionally,
we find no significant change in RBM frequencies on going
from isolated individuals to bundled nanotubes. Our results
indicate, as in the work of Raoet al.,56 that changes in reso-
nant excitation conditions on going to a bundled sample can
lead to an apparent RBM frequency shift that in reality does
not change for a given tube type. Differences from previous
work that appear in our data are discussed in terms of the
variance in nanotube packing that occurs in a real inhomo-
geneous bundle, compared to the idealized packing struc-
tures addressed in theoretical descriptions.

II. EXPERIMENT

Preparation of the solution samples of isolated individual
single-walled carbon nanotubes(SWNTs) was performed as
published previously.37 HiPco11 carbon nanotubes(batches
89 and 104) from Rice University were suspended in aque-
ous sodium dodecyl sulfate(SDS) solution. Briefly, 1 wt.%
surfactant was combined with 40 mg of nanotube material in
200 ml of water, high shear mixed for 1 h, and ultrasonicated
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at 590 W for 10 min. The suspension was centrifuged for 4 h
at 200 000 g using a swing bucket rotor. The resulting decant
was isolated and used for subsequent Raman experiments.
Our above use of the term “isolated” is not meant to imply
that the individualized nanotubes are free of any environ-
mental interactions with the surfactant/solvent, it is only
meant to indicate that the individualized nanotubes in these
samples are isolated from significant interaction with each
other. The solution samples that were used for the Raman
studies displayed strong band-gap emission, indicating that
the nanotubes in these samples are isolated from significant
intertube interactions.12,37

Preparation of the solid sample of bundled SWNTs was
performed by suspending 10 mg of solid, unprocessed HiPco
(batch 107) nanotubes from Rice University in 10 ml of iso-
propanol. The isopropanol suspension was added dropwise to
a microscope slide and allowed to dry to form an opaque
SWNT film.

Raman spectroscopy on the samples was performed with
excitation from a Ti:Sapphire laser operating between 700
and 985 nm. A triple monochromator and charge-coupled de-
vice camera were used for spectral collection with 5 cm−1

resolution and 5 min integration times. Laser power at the
sample was 15 mW. Raw spectra were background sub-
tracted to remove the Rayleigh background or the overlap-
ping broad emission features originating from the semicon-
ducting SWNTs. Each Raman spectrum in the region from
125 to 400 cm−1 was fitted using a summation of Lorentzian
peak shapes. Spectral intensities were then corrected for in-
strument response andn4 dependence. Spectra were also ob-
tained for 4-acetamidophenol at all excitation wavelengths in
an identical sampling geometry for use in frequency calibra-
tion and as a relative intensity reference for correcting nano-
tube spectra for instrument response.

III. RESULTS

In previous work we performed complete resonance Ra-
man excitation profiles for the radial breathing modes of in-
dividually dispersed HiPco nanotubes in solution.34 The ex-
citation range of 700 to 985 nm yielded Raman spectra for
vibrational modes coupled primarily to the second van Hove
sv2–c2d transitions and a few to the first van Hovesv1–c1d
transitions of semiconducting nanotubes. The results of that
work allowed us to spectrally isolate and assign chirality for
22 separate semiconducting nanotube types. Past difficulties
in making chirality assignments from ensemble measure-
ments (due to broad overlapping transitions/vibrational
modes) were overcome by obtaining Raman spectra at well-
resolved energy spacings across the near-infrared region.
This capability allowed us to in effect perform a two-
dimensional spectral separation of individual chiralities.
Thus, pairing a specific RBM frequency with an excitation
profile maximum allowed us to assignsn,md indices to indi-
vidual spectral features with a high degree of confidence not
available by making chirality assignments based only on
measured RBM frequencies and the use of Eq.(1). A dra-
matic example of why pairing RBM frequency with transi-
tion energy is necessary for generating the most accurate

assignments can be found by looking at the nanotube pair
(13,3) and (9,8) (both with RBMs predicted at 203.6 cm−1)
or the pair (9,1) and (6,5) (both with RBMs predicted at
307.6 cm−1). Without knowledge of the transition energies
for these nanotube types, it is impossible to assign their
chirality solely with the RBM data. However, we find that
these chiralities can easily be distinguished from each other
by applying the enhancement profile data. Their transition
maxima are separated from each other by 40 nm[for the
(13,3) and(9,8) types] and by 65 nm[for the (9,1) and(6,5)
types].12,34

Recent semiempirical predictions(based on the functional
dependencies appearing in descriptions of trigonal warping
effects)12,57 for the energy spacings of the first and second
van Hove singularities for SDS solubilized HiPco nanotubes
have provided excellent agreement with chirality assign-
ments made on the basis of 2D fluorescence excitation/
emission profile data. This approach has recently been found
to provide accurate assignment for tube types found in laser
vaporization-produced nanotubes as well.58 A comparison of
our experimentally determined RBM frequencies and excita-
tion maxima with the fluorescence-based predictions for the
nanotube chirality assignments we have made(based on our
Raman excitation data for solution phase individualized
nanotubes) is in excellent agreement. On average the agree-
ment in RBM frequency is within +/−1.2 cm−1, while exci-
tation maxima agree within +/−13 meV,34 providing a high
degree of confidence in our assignments. This provides a
strong basis for tracking identical chiralities observed in Ra-
man data obtained on bundled nanotube samples.

It has been pointed out that curvature effects in small
diameter nanotubes can cause significant deviation from the
RBM frequency behavior described by Eq.(1),59 thus poten-
tially complicating chirality assignments. Effects are most
pronounced for near-zigzag types and have been observed
for a number of small diameter near-zigzag chiralities.34 The
smallest diameters present in our samples, however, are at
the upper bound of where the curvature effects become sig-
nificant, thus minimizing potential impact on the assign-
ments. These effects, however, underscore the importance of
combining RBM frequency data with transition maxima ob-
tained from enhancement profiles to make accurate chirality
assignments.

The results of the solution phase Raman experiments on
isolated individuals are compared to those obtained for
bundled samples in Fig. 1. The spectral features observed in
this 3D plot can be conveniently grouped into four regions.
As discussed previously,34 the appearance of these groupings
is a natural consequence of the chirality distribution of the
electronic transitions, which cluster as deviations from a
near-arm chair axis.12 The observed behavior is also consis-
tent with the oscillating response as a function of excitation
energy of the first spectral moment observed by Kuzmany
and co-workers22 and Kukoveczet al.23 for the RBMs. This
oscillatory behavior arises from the dependence of the tran-
sition energy on the progression in nanotube diameters. The
oscillation becomes apparent as an increase in diameter in
observedv2–c2 transitions(Fig. 1, groups II, III, and IV)
moves these energies out of our observation window, and
moves smaller diameter tubes for thev1–c1 transitions(Fig.
1, group I) into the window.
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On comparing the Raman data for the bundled nanotubes,
we again observe the four groupings observed for the indi-
vidualized samples. For the bundled tubes, however, all spec-
tral features are shifted on the order of 30–50 nm to the red.
There is also a blurring together of the regions labeled III
and IV that is not observed for the individualized spectra.
This blurring of transitions is an indication of band broaden-
ing occurring in the bundled sample. Although nominally we
are accessing the same excitation region in the bundled
sample, with primarilyv2–c2 excitation with somev1–c1
resonances, the redshifting of the transitions changes the
RBMs that are observable. This shift results in an incomplete
overlap in data that is available for direct comparison be-
tween the two sample types. As a result, for the bundled
sample, profile data for the(7,3), (6,5), and(8,3) nanotubes
is not complete enough to obtain redshifted transition
maxima. However, the tails of the excitation bands for the
(6,5) and (8,3) chiralities are still observed, providing their
RBM frequencies. Additionally, the redshifting allows access
to v2–c2 transitions for bundled nanotubes that were to the
blue of our observation window in the individualized
samples. Nanotube types observable in this “new” window
include the(8,0), (6,4), (8,3), and(7,5) chiralities. Sufficient

data is present in the profile of the(8,3) nanotube in this
region to provide the maximum in itsv2–c2 excitation pro-
file (Table I).

It is interesting to note that, with the exception of the
(6,5), (13,3), and (11,7) nanotubes, we observe RBMs only
for (n-m) mod 3=2 semiconductors(see Tables I and II).
This is in contrast to a nearly equal distribution ofsn-md
mod 3=1 and mod 3=2 types observed in the individualized
sample. This is, however, consistent with the previous
observation34 that mod 3=1 types display significantly lower
Raman intensity in thev2–c2 excitation region. This de-
creased intensity effect will be amplified for the bundled
nanotubes due to broadening of their electronic transitions.
The broadening will effectively yield lower Raman intensi-
ties due to a decreased electronic transition moment being
spread over the width of the transition, thus making the mod
3=1 semiconductors for the most part unobservable in the
bundled data. We also note that, for this reason, the only
nanotube types not present in the current data set that were
observed in the individualized samples34 are of the mod 3
=1 type.

The data shown in Fig. 1 have been deconvoluted through
Lorentzian fits to the individual Raman spectra and recom-

FIG. 1. Raman spectra of radial breathing modes for semiconducting nanotubes excited in the region of 700 to 985 nm for(a) and (b)
individualized nanotubes in 1% SDS solution.(c),(d) Solid bundled nanotube sample.
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bined as enhancement profiles for individual RBMs shown in
Figs. 2–4. High quality enhancement profiles were obtained
with sufficient overlap between individualized and bundled
samples to directly compare profiles for 12 separate nano-

tube chiralities, with one additional indirect comparison for
the (8,3) v2–c2 transition. This direct comparison between
the individualized and bundled Raman data is possible be-
cause we find a direct correspondence between the four spec-

TABLE I. A comparison of Raman enhancement profile energy maxima and transition widths for individualized(solution) and roped
nanotube samples.

(n,m) Diameter E (pred)a E (soln)b E (roped) DEc Width (soln) Width (roped)

nm scm−1d scm−1d scm−1d cm−1/ smeVd cm−1/ smeVd cm−1/ smeVd

(9,1) 0.7573 10 964 11 050 10 492 558(69) 369 (46) 622 (77)

(9,1) 0.7573 14 466 14 430 13 804 626(78) 964 (120)

(8,3) 0.7819 15 029 14 286 743(92)

(10,2) 0.8841 13 574 13 717 12 883 834(103) 446 (55) 883 (109)

(9,4) 0.9156 13 843 13 928 13 105 823(102) 333 (41) 952 (118)

(8,6) 0.9658 13 928 13 967 13 534 433(54) 432 (54) 763 (95)

(12,1) 0.9948 12 516 12 626 12 115 511(63) 350 (43) 793 (98)

(10,5) 1.0503 12 695 12 739 12 209 530(66) 370 (46) 936 (116)

(9,7) 1.1029 12 658 12 674 12 200 474(59) 380 (47)

(13,2) 1.120 11 661 11 669 10 830 839(104) 112 (14) 363 (45)

(12,4) 1.145 11 693 11 696 10 874 822(102) 278 (34) 757 (94)

(13,3) 1.170 13 095 13 263 12 708 555(69) 466 (58) 724 (90)

(11,6) 1.1856 11 661 11 547 10 875 672(83)

(11,7) 1.2477 11 968 11 765 10 498 1267(157) 713 (88)

aPredicted values obtained from Ref. 57.
bExperimental transition maxima for individualized solution samples obtained from Ref. 34.
cDE=Essolnd-Esropedd, except for(8,3) nanotube for whichDE=Espredd-Esropedd.

TABLE II. A comparison of measured RBM frequencies for individualized(solution) and roped
samples.

sn,md Diameter v (pred.)a v (soln)b v (roped) Dvc

nm scm−1d scm−1d scm−1d scm−1d

(8,0) 0.6350 364.4 364 0

(6,4) 0.6921 335.4 333 −2

(6,5) 0.7573 307.6 307 307 0

(9,1) 0.7573 307.6 304 304 0

(8,3) 0.7819 298.3 296 296 0

(7,5) 0.8290 282.1 282 0

(10,2) 0.8841 265.3 264 266 2

(9,4) 0.9156 256.6 256 261 5

(8,6) 0.9658 243.9 244 244 0

(12,1) 0.9948 237.2 236 236 0

(10,5) 1.0503 225.3 225 227 2

(9,7) 1.1029 215.1 215 214 −1

(13,2) 1.120 212.1 211 213 2

(12,4) 1.145 207.7 206 209 3

(13,3) 1.170 203.6 205 203 −2

(11,6) 1.1856 201.0 200 201 1

(11,7) 1.2477 191.6 193 192 −1

aPredicted values obtained from Ref. 57.
bExperimentalnRBM for individualized solution samples obtained from Ref. 34.
cDn=nsropedd-nssolend except for(8,0), (6,4), and(7,5) nanotubes for whichDn=nsropedd-nspredd.
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tral groupings observed for each sample type in Fig. 1. The
four groups found in the solution spectra are clearly pre-
served for the bundled sample(albeit with the bundled data
broadened and shifted to the red). Moreover, the RBM fre-
quencies within each spectral group track very closely for all

groups when compared between the two sample types(see
below and Table II).

Five of the enhancement profiles are compared for the
v2–c2 excitation region between 700 and 850 nm in Fig. 2.
We are able to sample thev1–c1 excitation only for the(9,1)

FIG. 2. (Color online) Comparison of Raman excitation profiles for individualized and bundled nanotubes for(a) (10,5), (b) (9,4), (c)
(8,6), (d) (12,1), and(e) (10,2) chiralities (rectangles=roped data,ovals=individualized solution data).
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nanotube(see Fig. 3), while other chiralities shifted into the
850 to 985 nm region undergov2–c2 excitation. Fortu-
itously, because of the shifting of transition energies that we
observe, we are able to obtain partial enhancement profiles
for both thev1–c1 andv2–c2 excitation regions of the(9,1)
nanotube, providing a means for directly comparing differing
effects of intertube interactions on both thev2–c2 and
v1–c1 transitions for a single nanotube type(see Fig. 4).
Simple Gaussian fits have been made to the profiles to obtain
energy maxima and bandwidths for each observed electronic

transition. Results for individualized and bundled samples
are compared in Table I. For all chiralities except the(8,3)
nanotube, the tabulated values forDE between individual-
ized and bundled tubes are obtained directly from the experi-
mental data.

A pronounced redshift(ranging from 54 to 157 meV, with
an average of 86 meV) for all transitions is clearly observed
on going from individualized to bundled nanotubes for all
tube chiralities. Transition widths are found to double and
even triple(with an average factor of 2.4) for all chiralities
on going from individualized to bundled nanotubes as well.
One consequence of the band broadening for the(9,1) nano-
tube is that the structure observed due to phonon
progressions34 for the individualized sample is no longer ob-
servable once bundled[Figs. 3(b) and 4]. The combined ef-
fects of redshifting plus broadening of the electronic transi-
tions creates significant changes in the observed RBM
structure for bundled nanotubes as compared to individual-
ized samples at any given excitation wavelength(see Fig. 5).
The redshifting brings into resonance different nanotube
chiralities in the bundled samples than are observed for in-
dividualized nanotubes. One additional effect the broadening
has on the observed spectra is that chiralities that may not
have been within the resonant window of a given excitation
wavelength in the narrower band structure of the individual-
ized nanotubes are now accessed due to the broadening of
the transitions. As observed in Fig. 5, the resultant effect is to
reduce the effective resolution of the Raman spectra in com-
parison to the sharper spectra observed for individualized
samples. This is a result of more chiralities being at or near
resonance at any given excitation wavelength for a bundled
sample.

FIG. 3. (Color online) Com-
parison of low energy Raman ex-
citation profiles for individual-
ized and bundled nanotubes
for (a) (13,2) and(b) (9,1) chirali-
ties (rectangles=roped data,ovals
=individualized solution data).

FIG. 4. (Color online) Comparison of Raman excitation profiles
for individualized and bundled nanotubes for the(9,1) nanotube in
the v1–c1 excitation range(first van Hove, squares=roped,
circles=solution) and v2–c2 excitation range(second van Hove,
triangles—roped only).
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In addition to being able to make a detailed comparison of
intertube interaction effects on the nanotube electronic tran-
sitions, we have been able to compare RBM frequencies to
determine whether or not the intertube interaction causes a
change in vibrational frequency. As seen in Table II, we find
no significant shift in vibrational frequency between indi-
vidualized and bundled samples.

IV. DISCUSSION

A. Bundling effects on electronic transitions

As stated earlier, a number of theoretical studies on bun-
dling effects have shown that transition energies in bundled
nanotubes should be redshifted from those for their isolated

counterparts.48–53Reichet al.42 have incorporated curvature-
induced hybridization effects into their studies of bundling,
and have given detailed predictions for the magnitude of the
transition energy shifts and bandwidth changes expected to
occur upon bundling. For this reason, these results will be
discussed more closely in relation to the data we present
here. Trigonal warping has been shown to result in both posi-
tive and negative deviations in transition energies from what
is expected from a strict tight-binding description, dependent
on nanotube diameter, chirality, chiral angle, and transition
regime(v1–c1 versusv2–c2).12,44 For the specific systems
evaluated by Reichet al. for bundling interactions, however,
accounting for curvature in isolated nanotubes resulted in a
decrease in energy separation between the valence and con-
duction band states relevant to the optical transitions ac-

FIG. 5. Comparison of radial
breathing mode spectra for indi-
vidualized (solution) and roped
(solid) nanotubes at four specific
excitation wavelengths: 710 nm
(a) solution,(b) roped; 785 nm(c)
solution,(d) roped; 830 nm(e) so-
lution, (f) roped; and 925 nm(g)
solution,(h) roped.
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cessed through resonance Raman excitation.42 Intertube in-
teractions in bundled systems were found to induce two
additional effects: Changes in the electronic dispersion along
kz results in further decreases in the band gap for semicon-
ducting nanotubes. Additionally, a dispersion perpendicular
to kz is found to occur, resulting in a broadening of the tran-
sition bandwidths.42 Reichet al.,42 as well as others,38,40,41,56

also find that for armchair nanotubes intertube interactions
lead to the opening of a pseudogap at the Fermi level.

The magnitude of these effects were found to be strongly
dependent on nanotube type, with a range of armchair, zig-
zag, and chiral nanotubes being investigated. Bundling-
induced shifts as large as 1 eV in certain armchair nanotube
transitions are predicted, with effects being found to be
smaller for zigzag and near-zigzag types. Effects on different
individual transition energies within a given nanotube type
were also found to vary widely, with higher energy transi-
tions being less affected. The band-broadening effects of the
perpendicular dispersion were found to be as large as
900 meV for armchair nanotubes, with the broadening being
reduced for zigzag(no more than 400 meV) and smallest for
chiral semiconducting nanotubes(less than 200 meV). In
general, on closer inspection of the lowest van Hove transi-
tions appearing in chiral semiconductors, of most relevance
to the data we present, Reichet al. find a redshift on the
order of 100 meV with an expectation of band broadening of
not more than 200 meV.42 This is in comparison to typical
bandwidths of around 40 meV expected for isolated indi-
viduals in solution12,33 and 20 meV obtained from excitation
profiles on singly deposited nanotubes.21

The above calculated magnitudes for shifts in transition
energies are in agreement with the work of Raoet al.,56 who
calculate an expected 200 meV shift in energies with an ac-
companying broadening as well. These researchers, however,
find the shift to be a blueshift. The discrepancy may arise
from differences in how the parameterized technique of Rao
et al.56 treats differences in single versus bundled nanotubes
compared to theab initio method of Reichet al.42 The find-
ing of Reichet al. that armchair nanotubes should display
larger effects than those for zigzag nanotubes is in agreement
with the results of Maaroufet al.41 that coupling between
near-armchair nanotubes is stronger than found for near-
zigzag types.

The estimate of a 100 meV redshift in transition energies
for chiral semiconducting nanotubes is in excellent agree-
ment with our results. Our experimentally determined red-
shifts, ranging from 54 to 157 meV(see Table I) over a
broad range of nanotube chiralities, compares within a factor
of two of the predicted value from Reichet al.42 We also
observe the predicted broadening of the transitions on going
to bundled samples as well. Our measured bandwidths on
isolated nanotubes(44 meV on average, see Table I) agree
with that expected for HiPco nanotubes in solution.12,33 The
isolated nanotube bandwidths increase by an average factor
of 2.3, to range from 77 to 120 meV(see Table I). Although
about a factor of 2 lower than the upper limit given by Reich
et al. in their estimates,42 the agreement still appears quite
good. One observation of interest is that the magnitude of the
observed redshifts and broadening is quite comparable over
the range of nanotube types that we observe, from near-zig-

zag nanotubes such as the(9,1) and (12,1) to the near-
armchair(8,6) and (9,7). This is in contrast to the large dif-
ferences that might be expected between these types from
Reichet al.42 and Maaroufet al.41 These predictions, particu-
larly those of Reichet al., are based on the assumption of
direct interaction between identical nanotube types. The in-
homogeneity expected for our samples, however, probably
results in both a decrease in intertube interactions as well as
the observation of more comparable effects of those interac-
tions (see additional discussion below). Despite the narrow
range observed for both redshifting and band broadening,
there do exist significant differences in the effects observed
for different chiralities. These differences may arise from
interesting dependencies of the intertube interactions on
nanotube type.

It is well known that nanotube chirality is a major deter-
miner of a number of interesting behaviors. Thus, one might
expect to observe unique chirality-based dependencies for
intertube interactions as well. The effects of trigonal warping
on nanotube transition energies effectively breaks the nano-
tube mod 3=1 and mod 3=2 types into two classes of sepa-
rate behavior, depending on which van Hove transition is
being excited.12,44 Mod 3=1 types deviate to lower energy
from a tight binding approximation, while mod 3=2 nano-
tubes deviate to higher energy forv1–c1 excitation. The sign
of the deviation reverses on going tov2–c2 excitation. The
magnitude of these deviations is determined by the nanotube
chiral angle. This predicted behavior has been verified thru
fluorescence measurements.12 Similar dependencies are
predicted60 and observed34 for Raman scattering cross sec-
tions as well, with behavior of mod 3=1 versus mod 3=2
types again reversing on going fromv1–c1 to v2–c2 exci-
tation. Other chirality dependent Raman processes have also
been observed.17,32 Additionally, for bundled nanotubes,
there is the predicted variation in interaction dependence for
armchair versus zigzag nanotubes, for which coupling/
tunneling between nanotubes decreases as chirality changes
from near armchair to near zigzag.41,42

As stated earlier, there is no clear delineation between
near-armchair and near-zigzag behavior in our data. Addi-
tionally, we find no evidence for clear correlations between
our observed redshifts and other chirality related depen-
dences. Plots ofDE between bundled and isolated samples as
a function of chiral anglesad, coss3 ad, and coss3 ad /d2 (the
functional dependence for trigonal warping-induced devia-
tions from tight-binding behavior)12,44 show no correlation.
This may be an indication that intertube interactions do not
significantly perturb the C-C interaction energysg0d, as g0

acts as a scaling factor on the chiral angle dependence for
trigonal warping effects.12 This possibility has also been dis-
cussed previously by Raoet al.56

Our data, unfortunately, is not complete enough to evalu-
ate whether or not there exist any significant differences in
DE between mod 3=1 and mod 3=2 types. However, this
issue may be addressed in part from the data obtained for the
(9,1) nanotube. The(9,1) nanotube in the bundled sample
provided profile data for both thev1–c1 andv2–c2 transi-
tions (see Fig. 4). If there is a significant mod 3=1 versus
mod 3=2DE dependence, then that dependence might be
expected to reverse itself between the two electronic transi-
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tions accessed for the(9,1) nanotube. This would be in ac-
cord with the reversing of behavior on changing fromv1–c1
to v2–c2 excitation that is observed for transition energies12

and for Raman intensities34 for the two separate mod 3 cases.
As seen in Table I, though, theDE observed for both transi-
tions is quite comparable, withDE’s in the same direction
(redshift) of 69 and 78 meV being found for thev1–c1 and
v2–c2 transitions, respectively.

These results seem to indicate that there are no chirality
specific effects for intertube interactions. This assertion must
be qualified though with the understanding that chirality ef-
fects may be masked by the effects of decreased intertube
interactions that might be expected for the inhomogeneous
bundling that occurs in our roped sample. Raman,9 STM,46

and TEM61,62 results all demonstrate that bundled samples
will consist of a wide range of nanotube chiralities. The ma-
jority of theoretical bundling studies, however, have relied
on formalisms that assume a perfect packing arrangement of
identical tube types into a relatively high symmetry homoge-
neous bundle. That this assumption does not adequately rep-
resent the reality of the inhomogeneity found in real bundled
samples has of course been recognized. Reichet al. have
perturbed their calculations by rotating the nanotube orienta-
tions to break the D6h symmetry of (6,6) bundles.42 This
orientationally disordered state results in a decreased effect
on DE. Compositional disorder has also been recognized as
reducing intertube interactions.49,50 Maarouf et al. have fo-
cused on these disorder effects and again find that both ori-
entational disorder and compositional inhomogeneity will re-
duce intertube interaction.41

In addition to compositional and orientational effects, loss
of packing efficiency in inhomogeneous bundles may also
reduce intertube interaction. Large diameter mismatches be-
tween adjacent nanotubes will lead to defects in a close
packed bundle, as observed in bundle TEM images.61,62

Short range order, however, may exist. Odomet al.46 have
shown through detailed STM measurements on nanotube
bundles that nanotubes of similar chirality have a tendency to
rope together. Likewise, nanotubes of similar diameter may
be expected to aggregate together. However, a plot ofDE as
a function of diameter shows no correlation, indicating that
any short range order effects do not dominate over the large-
scale disorder sampled in our ensemble measurements.

B. Bundling effects on radial breathing mode frequencies

In addition to effects on nanotube electronic structure,
bundling may also induce changes in the nanotube vibra-
tional characteristics. We address here the question of
whether or not RBM frequency changes result from nano-
tube bundling. Previous experimental results on laser
ablation22,52 and HiPco23 produced nanotubes suggested that
bundling can result in an upshift of the RBM frequency by as
much as 8–10%. These conclusions were based on a com-
parison of experimental data to calculated spectra. Energy
resonances for the calculated spectra were determined based
on a tight-binding determination of density of states. Ob-
served RBM frequencies were found to be, on average, 8.5%
higher than predicted frequencies. The difference was attrib-

uted to bundling effects. Modeling of these effects by Hen-
rard and co-workers49,50 and Popovet al.51 produced similar
results, with predictions of frequency upshifts on the order of
10%.

Our experimental comparison of individualized and
bundled nanotube samples, however, is in direct contradic-
tion of the above conclusions. We find no significant evi-
dence for a change in RBM frequency on going from indi-
vidual nanotubes to bundles(see Table II). Our ability to
directly track RBM behavior between solution and solid
phase samples, rather than between experimental and pre-
dicted results, provides confidence in this conclusion. A re-
mote possibility exists that any frequency upshifts that might
occur on nanotube bundling could coincidentally result in an
exact overlap of observed frequencies for the bundled nano-
tubes compared to the individualized sample. Such a coinci-
dental overlap for all 17 RBMs, however, seems highly un-
likely. Moreover, for the higher frequency RBMs(for
example the 264 cm−1 mode in the individualized sample) a
5 to 10% upshift(to ,280–290 cm−1) on bundling would
result in the expectation of finding modes at higher frequen-
cies that we do not observe. Our conclusion that nanotube
bundling does not induce a significant change in RBM fre-
quency is in agreement with the results of Raoet al.,56 who
also find no evidence for a bundling-induced change in RBM
frequency.

There also exist a number of independent results in the
literature that indicate that bundling and other environmental
factors, such as solubilization environment, do not affect
RBM frequencies. Raman data presented for capillary elec-
trophoresis separations of nanotube bundles from individuals
show that as bundle size steadily decreases to the single
nanotube limit, RBM frequencies remain the same.29 Addi-
tionally, RBM frequencies do not change when monitored
during the ultrasonication debundling process used to create
SDS solubilized nanotubes.27 Finally, Raman data published
for nanotubes wrapped in a variety of different surfactant and
polymer systems(which result in significant changes in
nanotube local environment, as evidenced by shifts in their
emission spectra) show that RBM frequencies remain the
same, independent of nanotube local environment.63

Our conclusions may be reconciled with the modeling re-
sults of Henrard and co-workers,49,50 and Popovet al.51 by
again invoking sample inhomogeneity. Henrardet al. model
intertube interactions using a Lennard-Jones potential be-
tween continuous cylindrical surfaces. Given the inhomoge-
neity of bundled nanotube samples, this model likely over-
estimates the interaction energies. Accounting for
orientational and compositional disorder in bundles would
likely improve the model. The Lennard-Jones potential will
be sensitive to both the diameters and chiralities present in a
bundle. As discussed in the section on bundling effects on
transition energies, nanotube diameter mismatches will likely
reduce packing efficiencies and intertube interactions. Addi-
tionally, intertube van der Waals forces will vary greatly with
the ability of nanotube hexagonal geometries to be in perfect
registry. As demonstrated by Odomet al.,46 this high sym-
metry arrangement may occur within local domains, but
within a large scale ensemble these domains are not likely to
dominate. Lack of registry should reduce intertube interac-
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tions. Thus, intertube interactions in an inhomogeneous
bundle will be smaller than predicted using a continuous
cylindrical approximation for nanotube interaction. The re-
duced interactions probably result in forces too small to in-
duce a RBM frequency change. We do not claim that these
frequency shifts cannot occur as a result of intertube interac-
tions, it just may require more extreme conditions to gener-
ate the required interaction. In fact, such frequency upshifts
are observed for nanotubes subjected to pressures on the or-
der of GPa.54 At ambient temperatures and pressures, how-
ever, interactions are too small to induce the frequency up-
shift.

The question remains of how can the experimental results
of Kuzmany and co-workers,22 Kukoveczet al.,23 and Mil-
nera et al.52 be reconciled with our conclusion that RBM
frequencies are not upshifted in nanotube bundles. In the
work of Raoet al.56 this apparent discrepancy in experimen-
tal results is explained in terms of changes in resonance ex-
citation conditions on going from an individualized to
bundled sample. These researchers correctly recognized that
bundling will cause a shift in the electronic transition ener-
gies, resulting in a new set of nanotube chiralities that will be
resonant with a fixed excitation wavelength. Thus, for any
given excitation wavelength, one should expect a different
set of RBMs to be present in spectra for individualized nano-
tubes as compared to a bundled sample(as we observe in
Fig. 5). The difference in observed modes can easily be in-
terpreted as an apparent change in RBM frequency if accu-
rate knowledge of transition energies and bundling induced
intertube perturbations are not accounted for. These results
highlight the importance of arriving at correct predictions for
energy levels in isolated nanotubes and for how bundling
perturbs these levels. As noted by Reichet al.,42 the errors
introduced by using a tight-binding approach without com-
pensation for curvature, hybridization, and trigonal warping
effects, makes accurate assignment of chiralities based on
resonance measurements difficult. This difficulty emphasizes
the importance of being able to evaluate bundling effects
through a direct comparison of experimental data obtained
for both bundled and individualized nanotubes. Such a direct
comparison will minimize errors in interpretation introduced
by inaccurate chirality assignments based on transition en-
ergy predictions.

The detailed nature of our data further demonstrates how
the red shift in transition energies that occurs on bundling
can lead to an apparent change in RBM frequency(see Figs.
1 and 5). Figure 1 demonstrates, as was also observed by
Kuzmany and co-workers,22 Kukoveczet al.,23 and Milnera
et al.52 that as excitation progresses from high to low energy
we observe periodic minima in the RBM profiles. When
these minima are passed, a general shifting to lower fre-
quency of the RBMs is observed. This oscillatory behavior is
a consequence of the periodicity observed in the van Hove
transitions that result from the change in chiral angle depen-
dence of the transition energies on moving from near-
armchair to near-zigzag structures within a given group of
nanotubes.12 It is exactly this oscillatory behavior, combined
with the smooth progression to lower transition energies as
nanotube diameter increases, that gives rise to an apparent
RBM frequency shift.

Figure 5 shows that the differing resonance conditions
between individualized and bundled nanotubes can result in
dramatically different RBM spectra observed for identical
excitation wavelengths. It is easy to see how inaccurate
chirality assignments can be given to individual RBM fea-
tures when these are made based solely on the bundled nano-
tube data. A closer inspection of Fig. 1 leads to a more com-
plete understanding of how the redshift in transition energies
leads to an apparent upshift in RBM frequency. If one ob-
serves behavior around the 785 nm excitation region, for ex-
ample, as bundling occurs the transition energies for group
III are moved out of resonance and into the vicinity of tran-
sitions found for group II as isolated individuals. Similarly,
the group IV transition energy region moves into resonance
with the 785 nm excitation. As a result, one would expect the
frequencies for group III(centered around 225 cm−1) to un-
dergo an apparent upshift to the group IV frequencies(cen-
tered around 260 cm−1). The same behavior will occur at
lower excitation energies, with the group II RBM frequen-
cies(centered around 200 cm−1) undergoing an apparent up-
shift to those of the group III frequencies. Although this
analysis will of course be complicated by the transition
broadening that occurs upon bundling, which results in
broader, more complex RBM spectra, it is qualitatively cor-
rect in demonstrating the origin of the apparent RBM fre-
quency upshift. It is interesting to note that, if one goes to
low enough excitation energy, the apparent trend toward up-
shifting RBM frequencies is reversed as the smaller diameter
semiconductor nanotubes are accessed through thev1–c1
excitation. In this case[for an excitation wavelength of
925 nm, see Fig. 5(d)] we observe a large apparent decrease
in frequency from the 296 and 304 cm−1 modes observed for
the(8,3) and(9,1) nanotubes of the solution sample on going
to resonance with the 213 cm−1 RBM of the (13,2) nanotube
in the bundled sample.

Conversely, a comparison of Raman spectra for individu-
alized nanotubes to spectra for bundled nanotubes obtained
at excitation wavelengths shifted to the red by the same mag-
nitude as we observe for redshifting of the transitions
(around 50–100 meV) may yield nearly identical spectra.
This expectation is borne out in Fig. 6. Spectra of individu-
alized nanotubes taken at three separate excitation wave-
lengths(780, 825, and 850 nm) compare well with spectra
obtained for bundles at wavelengths shifted to the red by 68,
61, and 89 meV, respectively. Although this is a simplified
analysis and complicated, again, by broadening effects, the
comparison provides another illustration of how a redshift in
transition energies can result in the apparent upshifts in RBM
frequency.

To summarize, no evidence for bundling-induced RBM
frequency upshifts is found after comparing Raman spectra
for individualized and bundled nanotube samples. Our con-
clusions are similar to those found by Rao,et al.56 Apparent
frequency shifts observed by others are most likely the result
of the redshifting of electronic transitions that we find for
bundled nanotubes. Lack of a significant frequency upshift
may be a further indication that bundling does not induce a
change ing0.

52,56

It should be noted that these conclusions(and the results
of the previous section as well) are not ultimately dependent
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on accuracy of our chirality assignments. Although these as-
signments agree well with previous work12,57,58and are be-
lieved to be correct, ultimately our results are only dependent
on the ability to directly track RBM behavior between the
individualized and bundled samples through the detailed en-
hancement profiles and 3D Raman data of Fig. 1. This ability
is independent of what chirality is ultimately assigned to the
observed RBMs.

C. Practical considerations for sample characterization via
Raman spectroscopy

Raman spectroscopy will continue to be an important
characterization method for carbon nanotube applications. It
is clear from Figs. 1 and 5 that a complete evaluation of a
sample cannot be obtained with spectra collected from one
excitation wavelength. Additionally, the differences pre-
sented by spectra obtained from bundled versus individual-

ized samples adds complexity to the analysis. The data pre-
sented here should prove valuable in this regard. As one
specific example, a focus on excitation behavior at 785 nm is
useful. This wavelength is experiencing widespread use for
Raman characterization of nanotube processing and
separations,26,29,64due to its availability as a common diode
laser excitation source with Raman instrumentation being de-
signed around its use. On comparing the bundled and indi-
vidualized spectra obtained at 785 nm excitation[Figs. 5(c)
and 5(d)], the most noticeable difference is the strong pres-
ence of the(10,2) RBM at 266 cm−1 in the bundled sample,
absent in the individualized nanotubes. This so-called “rop-
ing peak” can be used as a strong indicator of the extent of
bundling occurring in a sample.26,29 Results obtained from
monitoring of capillary electrophoresis separations of nano-
tube bundles from individuals29 and of the bundle sonication/
solubilization process26 demonstrate that, as bundle size de-
creases, a steady loss in the intensity of the 266 cm−1 (10,2)

FIG. 6. Individual radial
breathing mode spectra for indi-
vidualized(solution) nanotubes at
three excitation wavelengths com-
pared to spectra for bundled nano-
tubes with excitation redshifted:
(a) 780 nm (solution) versus
815 nm(roped), DE=68 meV,(b)
825 nm (solution) versus 860 nm
(roped) DE=61 meV, and (c)
850 nm (solution) versus 905 nm
(roped) DE=89 meV.
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RBM occurs relative to the(12,1) RBM at 236 cm−1. Thus, a
measurement of this intensity ratio could be useful in quali-
tatively estimating bundle size. The ability to quantify
bundle size using this method would require more extensive
analysis of samples of known bundle size coupled to model-
ing of expected RBM spectra as a function of relative levels
of bundles versus individualized nanotubes.

It is interesting to note that the(12,1) RBM at 236 cm−1

appears strongly enhanced in both the individualized and
bundled samples, while the roping peak is only present in the
bundled form. This behavior results from the very different
resonant excitation conditions experienced by the two differ-
ent chiralities. As seen in Figs. 2(d) and 2(e), 785 nm
s12 739 cm−1d excitation is near the peak of the enhancement
profile for the individualized (12,1) nanotubes. In the
bundled sample, due to band broadening, this excitation still
accesses significant resonant intensity in the tail of the(12,1)
profile. The(10,2) nanotube, however, is only strongly reso-
nant for the bundled sample, with 785 nm excitation missing
the profile entirely for the isolated(10,2) nanotubes, due to
the relative narrowness of the transition in the solution
sample.

Because of the narrowness of the chirality distribution
accessed with 785 nm excitation, this wavelength has limited
utility as a monitor for changes in sample chirality. It can,
however, serve as a valuable tool for evaluating the extent of
aggregation occurring in a sample. It is important to be
aware that these aggregation effects are present with 785 nm
excitation, as well as for other commonly used wavelengths
(such as 514, 532, and 633 nm). The extent of sample aggre-
gation must be known in order to avoid assigning relative
intensity changes between different chirality RBMs to a
change in population, when it is possible that such intensity
shifts may result from a shift in resonance enhancement con-
ditions instead. To obtain full coverage of the range of
chiralities present in a sample, it is not necessary to produce
the detailed enhancement profiles presented here. As can be
seen in Fig. 1, a judicious choice of 3–4 excitation wave-
lengths(735, 785, 850, and 920 nm, for example) can pro-
vide coverage for both individualized and bundled samples
over a broad range of chiralities and diameters. Additionally,
visible excitation such as at 514 and 633 nm can simulta-
neously access both metallic and semiconducting resonances,
providing a means to evaluate relative levels of these impor-
tant classes of nanotubes.27,30,31,33

V. CONCLUSION

We have presented data representing the first complete
near-IR resonance Raman enhancement profiles for both in-

dividualized and bundled HiPco nanotubes. These have al-
lowed us to demonstrate the redshifting and band broadening
of the electronic transitions that have been predicted to occur
upon nanotube bundling. Our results agree both qualitatively
and semi-quantitatively with the expected magnitude of the
electronic effects of bundling and provide further evidence
for the importance of curvature-induced hybridization and
trigonal warping effects on the nanotube density of states and
electronic band structure.

Comparison of radial breathing mode frequencies for in-
dividualized and bundled nanotubes shows no significant
change occurring in their frequencies as a result of bundling.
Our analysis of changes in the excitation energy dependence
between individualized and bundled nanotubes suggests that
previously reported apparent frequency shifts are due to
bundling-induced redshifts of the electronic transitions.
Changes in nanotube RBMs enhanced in the new resonance
conditions for bundled nanotubes can result in an apparent
shift in RBM frequencies compared to their individualized
counterparts. These results imply that current theoretical
treatments of predicted vibrational effects overestimate the
magnitude of intertube interactions.

Many previous studies have pointed out the potential im-
portance of intertube interactions. Our results show this in-
teraction to be most strongly manifested in effects on elec-
tronic properties. The lack of large differences observed for
DE between different chiralities and different excitation re-
gions, as well as the lack of a bundling-induced RBM fre-
quency shift, suggests that orientational and compositional
disorder in real nanotube samples are important factors in
determining intertube interaction effects on both electronic
and vibrational structure. Addressing inhomogeneity and
other disorder effects on bundle properties will be an impor-
tant area for future theoretical efforts. A more detailed under-
standing of interactions between different chiralities and the
effects of imperfect packing, lack of registry, and lowered
symmetry should lead to better modeling of true bundle be-
havior. These are important issues relating to both transport
properties41 and potential nanoelectronics and materials ap-
plications.
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